Neurophysiological
studies have generally failed to find evidence of a specific ascending pathway for visceral nociception.
However, pain that arises from deep or visceral tissues typically differs from cutaneous pain, particularly in its diffuse, poorly localized quality. In this study, the c-fos mapping technique was used in order to investigate possible differences in the distribution of central neurons activated by afferent pathways from cutaneous and deep tissues that may be related to the differing quality of the sensations they evoke. The distribution of neurons in the upper cervical and medullary dorsal horn that displayed fos-like immunoreactivity (fos-LI) was examined following mechanical stimulation of dural blood vessels (transverse and superior sagittal sinuses), and was compared to that found following mechanical, thermal, and chemical stimulation of facial sites. Dural stimulation was carried out under Brevital anesthesia in rats that had received a chronic surgical exposure of the transverse and superior sagittal sinuses 2 d earlier. Localized mechanical stimulation of the dural surface of the transverse sinus produced a predominantly ipsilateral increase in the number of fos-LI neurons in the medullary and upper cervical dorsal horn (primarily laminae I and V), and in the transition region between the trigeminal nucleus caudalis and interpolaris. Stimulation of the superior sagittal sinus produced increases in fos-LI labeling that were generally smaller than those produced by transverse sinus stimulation. The distribution of fos-LI labeling in the dorsal horn induced by dural stimulation differed from that induced by facial stimulation in two ways.
(1) Dural stimulation produced a more diffuse distribution of fos-LI than facial stimulation in the dorsal horn. Whereas facial stimulation produced a dense, localized zone of fos-LI labeling in the dorsal horn, dural stimulation produced fos-LI labeling that extended from the midlevel of caudalis to C2/C3, and also extended across a large portion of the ventrolateral-to-dorsomedial axis of the dorsal horn. This distribution roughly corresponds to the representation of most of the dorsal half of the head and face. (2) Dural stimulation produced a more restricted laminar distribution of fos-LI labeling than facial stimulation, in Received July 9, 1993; revised Nov. 10, 1993; accepted Nov. 24, 1993 . This work was supported by Grant NS24594 from the National Institute of Neurological Disorders and Stroke (NIH Afferent signals that arise from deep or visceral structures converge centrally on nociceptive spinal neurons that also receive inputs from cutaneous sites (Pomeranz et al., 1968; Selzer and Spencer, 1969; Gokin, 1970; Hancock et al., 1973 Hancock et al., , 1975 Blair et al., 1981 Blair et al., , 1984 Foreman et al., 1981; Milne et al., 1981; Cervero, 1982 Cervero, , 1983a Ammons et al., 1983 Ammons et al., , 1984 Ammons et al., , 1985 Tattersall, 1985, 1987; Honda, 1985; Ness and Gebhart, 1987 Bolser et al., 1991; Berkley et al., 1993; Euchner-Wamser et al., 1993) . This central convergence of sensory inputs arising from superficial and deep tissues is thought to be the basis for the phenomenon of referred pain (Ruth, 1946) whereby afferent signals from deep tissues evoke sensations that are perceived as arising from a region of the body surface. In the unit recording studies cited above, nearly all of the visceral-responsive neurons that have been encountered, particularly those that were antidromically identified as projection neurons, could also be activated by stimulation of cutaneous and other somatic sites. Thus, available evidence does not support the existence of a specific ascending pathway for visceral nociception. However, visceral pain typically differs from cutaneous pain in several respects, particularly in having a diffuse, radiating, poorly localized quality. In the absence of a separate ascending pathway for visceral pain, the question arises of how nociceptive inputs from cutaneous and visceral sites can evoke sensations of such differing quality. Two possible explanations for such differences are that, although cutaneous and visceral inputs converge on the same central neurons, the patterns of central activity they evoke may differ in either their temporal or spatial characteristics. The present study examined the second of these possibilities, a difference in the spatial patterns of central activation, for the afferent pathway originating from intracranial blood vessels, which is an example ofa deep nociceptive input in the trigeminal system. Major intracranial blood vessels of the dura and pia receive a predominantly small-fiber afferent innervation from the trigeminal nerve (Huber, 1899; Penfield, 1932; Penfield and et al. -Fos-LI Produced by Dural Stimulation McNaughton, 1940; Feindel et al., 1960; Fang, 196 1; Andres et al., 1987) that exhibits nociceptive properties similar to those found for other visceral tissues. Stimulation of these vessels in humans can evoke painful sensations that are typically referred to a region within the ipsilateral trigeminal dermatome (Fay, 1935; Feindel et al., 1960) . This pain can be abolished by blockade of the trigeminal nerve or ganglion ipsilateral to the stimulus (Penfield and McNaughton, 1940) . As with many visceral tissues, pain is the only sensation that can be evoked, regardless of whether the stimulation is electrical, mechanical, thermal, or chemical (Ray and Wolff, 1940) . The nociceptive sensory innervation of intracranial blood vessels is thought to be involved in mediating the painful sensations of vascular headache syndromes such as migraine (Moskowitz, 1984; Moskowitz et al., 1988) .
Retrograde tracing studies in the rat and cat have determined that the afferent innervation to the intracranial vasculature is primarily ipsilateral, and originates in the trigeminal ganglion and upper cervical dorsal root ganglia (Cl-C3) (Mayberg et al., 198 1, 1984; Steiger et al., 1982; Borges and Moskowitz, 1983; Keller et al., 1985; Arbab et al., 1986; O'Connor and van der Kooy, 1986; Hardebo et al., 199 1) . Unit recording studies in the cat have identified neurons in the medullary and upper cervical dorsal horn that can be activated by stimulation of major blood vessels of the intracranial dura Dostrovsky, 1986, 1988a,b; Strassman et al., 1986; Lambert et al., 1992) . Such dural-responsive neurons typically receive a convergent nociceptive input from a cutaneous facial receptive field, analogous to the somatic convergence found in visceral-responsive spinal neurons. Although some information is available from these microelectrode studies on the location of the duralresponsive neurons, the data are subject to sampling limitations and are not adequate for an analysis of the rostrocaudal or laminar distribution ofdural-responsive neurons within the dorsal horn. The present study attempted to overcome some of these limitations of the unit recording data by using the c-fos mapping technique. Immunocytochemical detection of c-fos gene expression was used as a marker to investigate spatial patterns of neuronal activation in the medullary and upper cervical dorsal horn evoked by stimulation of dural blood vessels in the rat. The results were compared to the patterns of c-fos labeling found with different forms of facial stimulation, in order to investigate potential differences in the central organization of afferent pathways originating from craniovascular and facial sites.
Materials and Methods
Surgery and dural stimulation. Adult male rats (250-350 gm) received a chronic surgical exposure of the transverse or superior sagittal sinus 2-4 d prior to dural stimulation. Rats were anesthetized with sodium pentobarbital (55 mg/kg i.p.) and placed in a stereotaxic headholder. The dorsal surface of the skull was exposed through a midline incision. A portion of the left transverse sinus was exposed from the midline (sinus confluens) to about 4 mm lateral by removing the overlying bone with a dental drill. In some animals a segment of the superior sagittal sinus was exposed instead of the transverse sinus. The exposed segment of the sagittal sinus was approximately 5 mm in length, beginning approximately 2 mm rostra1 to the junction with the transverse sinus (the sinus confluens). This is a relatively caudal segment of the superior sagittal sinus, which has a total length of approximately 20 mm. The exposed portions of the transverse and superior sagittal sinuses were similar in area (approximately 3.5-3.8 mm'). The exposed dural surface of the transverse or sagittal sinus was covered with bone wax, which adhered to the edge of the bone to form a water-tight seal over the dura. A cylindrical plastic chamber, 10 mm in diameter, was centered on the midline and cemented to the skull with dental acrylic. The placement of the chamber was the same in animals that received an exposure of either the transverse or sagittal sinuses, since the diameter of the chamber was large enough to include both exposures. The top of the chamber was sealed and the animals were given systemic antibiotics. Following surgery, animals were checked to verify that there were no signs of infection surrounding the surgical wound.
Two to 4 d following surgery, animals were anesthetized with Brevital (sodium methohexital, 35 mg/kg i.p.), and the bone wax was removed from the dura. The head was not placed in a stereotaxic frame, but was instead stabilized atraumatically by placing it in a mold of modeling clay. The animals then received one of three experimental treatments.
(1) Control animals (n = 4), which had previously received an exposure of the transverse sinus, were maintained under anesthesia for 30 min with no stimulation. (2) Transverse sinus animals (n = 5) received 30 min of mechanical stimulation of the exposed transverse sinus that consisted of repeated stroking of the outer dural surface with a blunt forceps. (3) Sagittal sinus animals (n = 4) received the identical stimulation applied to the outer dural surface of the exposed superior sagittal sinus. All animals were maintained under Brevital anesthesia for a total of 30 min, with supplemental injections as necessary, after which they were allowed to regain consciousness. Two hours later (2.5 hr after the induction of Brevital anesthesia), animals were given an overdose of pentobarbital and perfused as described below.
In preliminary experiments, urethane was initially used as an anesthetic, because it had been used in previous studies in this laboratory of fos-LI labeling induced by facial stimulation . After preliminary results showed a relatively low level of fos-LI labeling with dural stimulation compared to previous results with facial stimulation, it was decided to change to a short-acting anesthetic (Brevital) in an attempt to increase the labeling, based on the findings of Williams et al. (1990) . The number of animals that received dural stimulation under urethane was too small for statistical analysis or comparison with Brevital, so only the results with dural stimulation under Brevital anesthesia are reported in this study. As described below, facial stimulation was studied with both urethane and Brevital anesthesia.
Facial stimulation. The results with dural stimulation are compared to those obtained with thermal, mechanical, and chemical forms offacial stimulation in urethane-anesthetized rats in previous studies. Thermal stimuli of 10°C (n = 5) or 50°C (n = 6) were auulied to the vibrissal pad with a contact thermode in 30 set p&es that-were delivered every 2 min for 30 min . Mechanical stimulation consisted of repeated noxious pinch applied to the supraorbital skin (30 set pinch applied once per minute for 15 min, n = 4) (Strassman and Vosi 1993) .or repeated application of 2 gm (n = 5) or 15 gm (n = 5) von Frev hairs to the vibrissal Dad for 30 min 0'0s et al.. 199 1). Chemical sti&lation consisted of yepeated subcutaneous iijecti& of 5% capsaicin (five injections of 10 /*l each in 15 min) in the supraorbital region (n = 5). All animals were perfused 2 hr after the end of the stimulation. Urethane produced a stable anesthesia that lasted for the duration of the 2 hr survival period.
Since the dural stimulation was carried out under Brevital anesthesia, several animals were examined for the present study that received facial stimulation under Brevital anesthesia, in order to facilitate comparison with the dural stimulation animals. A total of three animals received noxious pinch as described above, which was applied to either the snout, the vibrissal pad, or the dorsum of the head (vertex) near the midline. In addition, a chemical stimulus that was not described in these previous studies, subcutaneous injection of formalin, was also used, and served to assess the effects of different anesthetics. Formalin injection is commonly used as a noxious test stimulus in behavioral studies, as well as in a number of fos-LI labeling studies. A single injection of 50 ~1 of 5% formalin was made into the vibrissal pad of awake rats (n = 3) or rats anesthetized with either urethane (n = 3) or Brevital (n = 3). In order to make the survival period comparable to that of the other animals, the formalin-injected animals were perfused 2.5 hr after the injection (since the formalin stimulus has an expected duration of 30-40 min).
Although the fos-LI labeling obtained with most of these facial stimuli was described previously, the analysis described in the present study, of laminar distribution within the superficial dorsal horn (see below), was not reported previously for any of these facial stimuli except the thermal stimuli .
Immunocytochemistry and data analysis. Tissue processing was done as described previously . Two hours after the end of the stimulation, animals were given an overdose of pentobarbital and were perfused transcardially with saline followed by 900 cc of 4% paraformaldehyde. The caudal medulla and upper cervical spinal cord (to C3) was removed as a single block and was cut transversely into 40 pm frozen sections. Alternate sections were processed for fos immunocytochemistry with the avidin-biotin method. Sections were incubated for l-2 d in a primary antiserum from Cambridge Research Biochemical (OA-1 l-823). which was raised in sheep against a synthetic peptide derived from The N-terminal sequence df the c-fos protein. A biotinylated rabbit anti-sheep secondary antibody was then used, followed by incubation with the avidin-biotin-horseradish peroxidase complex, which was visualized with a nickel-intensified diaminobenzidine reaction.
For purposes of data analysis, the medullary and upper cervical dorsal horns were regarded as continuous and were divided into laminae I-V (Jacquin et al., 1986; . In the upper cervical spinal cord, lamina V was considered to be equivalent to the lateral reticulated area, a well-defined region that extends across the entire neck of the dorsal horn at upper cervical levels. In the caudal medulla, the lateral reticulated area expands to include all of the intermediate and ventral gray, and thus no longer corresponds to lamina V. At medullary levels, lamina V was considered to correspond to the lateral part of the reticular formation. The internal border of lamina V in the medulla is poorly defined in the rat and has not been indicated in previous studies; it has been indicated by a dashed line in the present study (cf. Fig. 1 F of . The region of the medullary reticular formation medially adjacent to lamina V was referred to as the intermediate zone of the reticular formation, after Paxinos and Watson (1986) .
The caudal border of the trigeminal nucleus interpolaris was used as a reference point for rostrocaudal alignment between animals; this level was designated as 0.0 (Jacquin et al., 1986 (Jacquin et al., , 1988 . The region of the trigeminal nuclear complex immediately rostra1 to this level was referred to as the interpolaris/caudalis transition region (Vi/Vc), in which the alaminar nucleus interpolaris appears ventrolaterally and progressively disrupts the laminar borders of the medullary dorsal horn (nucleus caudalis). For purposes of analysis of cell distributions, Vi/Vc was divided into a dorsal, intermediate, and ventral part as described in .
Counts offos-LI-labeled cells were made on alternate sections through the medullary and upper cervical dorsal horn (laminae I-II, laminae III-IV, and lamina V) and the Vi/Vc region. Counting was done by an investigator who was blinded to the stimulus condition. For comparison of labeling in stimulated and control groups, the mean number of cells per section was calculated separately for the dorsal horn (from -1.6 to ~ 3.2 mm relative to interpolaris, including 2 1 sections) and the Vi/Vc region (from 0.0 to 0.4 mm relative to interpolaris, including six sections). These levels were chosen in order to include the regions of peak labeling observed (post hoc) in stimulated animals. Peak labeling was calculated for the intermediate reticular formation and the nucleus of the solitary tract as the mean of the two sections between 0.0 and 0.8 with the greatest labeling ).
An additional analysis of the distribution of labeling within laminae I-II was carried out for comparison with previous results obtained with facial stimulation. For this calculation [proportion of cells in I/(1+11)], the mean of the four sections in each animal with the greatest number of labeled cells in laminae I-II was used, since this was the quantity that had been used in the previous study of thermal facial stimulation .
One-way analysis of variance (ANOVA) was used with Duncan's post hoc comparison to investigate differences between groups (SUPERANOVA 1.1, Abacus Concepts). For the statistical comparison of proportions, a log-odds transformation was performed. The numbers of labeled cells ipsilateral and contralateral to the transverse sinus stimulation were compared with a paired, two-tailed t test.
Results

Transverse sinus stimulation
Localized mechanical stimulation applied to the dural surface of the transverse sinus produced a relatively diffuse, widespread distribution of fos-LI-labeled cells in the upper cervical and medullary dorsal horn, which was predominantly ipsilateral to the stimulus (Figs. l-3) . Rostrocaudally, labeling in the dorsal horn extended over a fairly long distance, from rostra1 C3 or caudal C2 to the midlevel of the trigeminal nucleus caudalis (medullary dorsal horn) (Figs. U-C, 2, 3C ). In the transverse plane, the labeling was most dense in the ventrolateral part of the dorsal horn, but usually extended dorsomedially across a substantial portion of the dorsal horn ( Fig. 2; see Fig. 7A ). This transverse distribution corresponds to the representation of the ophthalmic and part of the maxillary regions of the face. The dorsomedial part of the dorsal horn, representing the mandibular region, was relatively free of labeled cells.
In addition to this diffuse distribution of labeling in the dorsal horn, a separate, more restricted distribution of labeling was present further rostrally, in the transition region between the trigeminal nucleus interpolaris and caudalis (Vi/Vc) (Figs. lD,  2, 3C ). These two rostrocaudally distinct distributions of labeling were separated by an interval of relatively little labeling, at rostra1 levels of caudalis (Figs. 2, 3C ). Within Vi/Vc, labeled cells were concentrated ventrally and tended to cluster along the borders of, but not within, nucleus interpolaris (Fig. 2) ; this distribution corresponds to the pattern formed by the superficial laminae of the dorsal horn at this level (cf. Jacquin et al., 1988; Yoshida et al., 199 1; .
Quantitative analysis showed that transverse sinus stimulation significantly increased the number of fos-LI cells above control values in the dorsal horn (p < 0.00 1, ANOVA; Duncan's post hoc comparison was used for all ANOVAs) and the Vi/Vc region (p < 0.0 1, ANOVA) on the side ipsilateral to the stimulus (Fig. 4) . The magnitudes of the increases were 1 l-fold for the dorsal horn (laminae I-V, measured between -1.6 and -3.2) and 12-fold for the Vi/Vc region (measured between 0.0 and +0.4). Within the dorsal horn, labeling was significantly increased in laminae I-II (1 O-fold, p < 0.0 1, ANOVA) and lamina V (46-fold, p < 0.001, ANOVA), but not in laminae III-IV. Within the Vi/V; region, labeling was significantly increased in the ventral part (13-fold, p < 0.05, ANOVA), but not in the intermediate or dorsal parts (see Materials and Methods). Smaller but significant increases in labeling above control levels were also present contralateral to the transverse sinus stimulation in the dorsal horn (laminae I-V, 2.7-fold increase, p < 0.05, ANOVA) and Vi/Vc (5-fold, p < 0.01, ANOVA) (Fig.  4) . Within the dorsal horn, the increase was significant only in lamina V (9-fold, p < 0.0 1, ANOVA).
The labeling was greater on the ipsilateral than the contralateral side for laminae I-II (p < 0.05), lamina V (p < O.Ol), and Vi/Vc (p < 0.05) (all paired t tests, two tailed). The ratio of ipsilateral:contralateral labeling was 4.6 + 2.2 (mean ?Z SD) for the dorsal horn and 2.2 ? 0.8 for Vi/Vc. Some of the variability in the amount of contralateral labeling might be attributable to the fact that the stimulated dural area extended up to the midline, which has no clear demarcation on the surface of the transverse sinus.
Both control and stimulated animals showed bilateral labeling in the nucleus of the solitary tract, the inferior olive, and the intermediate zone of the reticular formation medial to lamina V (Fig. 2) . Transverse sinus stimulation produced an increase in labeling above control levels in the intermediate reticular formation that was significant only on the ipsilateral side (3.7-fold increase, p < 0.05, ANOVA) (Fig. 4) . Labeling in the nucleus of the solitary tract was slightly but not significantly increased by stimulation (Fig. 4) . Labeling in the inferior olive was not analyzed quantitatively.
Superior sagittal sinus stimulation
Stimulation of a more rostra1 site on the dura, overlying the superior sagittal sinus (which is an unpaired midline structure), was generally less effective than transverse sinus stimulation in producing fos-LI labeling (Fig. 4) . Sagittal sinus stimulation produced smaller but significant increases in labeling above control levels in the dorsal horn (2.5-fold, p < 0.05, ANOVA) and Vi/Vc (4-fold, p < 0.05, ANOVA). Within the dorsal horn, the increase was significant only for lamina V (1 l-fold, p < 0.01, ANOVA). The labeling produced by transverse sinus stimulation (mean of left and right sides) was significantly greater than that produced by sagittal sinus stimulation in both the dorsal horn and Vi/Vc (p < 0.05, ANOVA).
Comparison with facial stimulation A rostrocaudal plot of the fos-LI labeling in the dorsal horn produced by dural stimulation revealed a flatter, more even distribution than that produced by localized mechanical stimulation of facial sites (Fig. 5) . The distribution of labeling produced by dural stimulation was also more diffuse in the transverse plane, with a greater extent along the ventrolateral-todorsomedial axis, compared with that produced by facial stimulation (see Fig. 7 and . Based on the distributions of fos-LI labeling produced by localized facial stimulation (Fig. 5 and ), it appears that the distribution in the dorsal horn produced by dural stimulation roughly corresponds to the representation of most of the ophthalmic and maxillary territory of the face from the intraaural line to the rostra1 part of the vibrissal pad (Fig. 6) .
The laminar distribution of dorsal horn labeling produced by dural stimulation also differed from that found with facial stimulation. Whereas noxious facial stimulation produced substantial labeling in both lamina I and outer lamina II, dural stimulation produced labeling in the superficial dorsal horn that was primarily restricted to lamina I (Figs. 7, 8 ). The proportion of superficial dorsal horn labeling in laminae I was significantly greater with dural stimulation than with several forms of facial stimulation, including noxious heat (50°C) capsaicin, formalin, noxious pinch, or von Frey hair stimulation (15 gm and 2 gm) (all p < 0.01, ANOVA) (Fig. 8) . The only form of facial stimulation that produced a similarly high proportion of labeling in lamina I was 10°C cold stimulation.
As explained in Materials and Methods, the facial stimulation was done under urethane anesthesia, whereas the dural stimulation was done under Brevital anesthesia. Therefore, the difference between dural and facial stimulation illustrated in Figure - 8 may be at least partly a consequence of the difference in anesthesia. In order to assess the effects of these anesthetics on the laminar distribution in the superficial dorsal horn, one of the facial stimuli, formalin, was also studied in Brevital-anesthetized animals and in unanesthetized animals. There was no significant difference between the three groups in the proportion of labeling in lamina I (all p > 0.4, ANOVA). The value of this proportion for the urethane, Brevital, and unanesthetized animals was 0.40 t 0.03, 0.40 f 0.02, and 0.47 f 0.09, respectively (mean f SD).
Discussion
This study used the c-fos mapping technique to compare the spatial patterns of neuronal activation evoked by dural and facial stimulation in the medullary and upper cervical dorsal horn. The use of fos-LI as a cellular marker for physiological activation in the trigeminal system was evaluated in a previous study , which also discussed some of the uncertainties associated with the physiological interpretation of fos-LI labeling. Although exceptions may be found in the future, the results of this previous study as well as other in viva studies in a variety of central pathways have generally been consistent with the idea that the presence of fos-LI can be regarded as evidence of physiological activation, particularly at short survival times following stimulation (l-3 hr); longer survival times can result in labeling patterns that cannot be readily explained in terms of physiological activation (Williams et al., 1990) . A limitation of the present study is that the anesthetic used for dural stimulation (Brevital) was different from that used in the previous studies on facial stimulation (urethane) from which most of the data for comparison are taken. This issue was partly addressed in the present study by examining fos-LI labeling in a small number of animals in which facial stimulation was delivered under Brevital anesthesia. Comparison with the results obtained with the same types of facial stimulation under urethane anesthesia indicated that the difference in anesthetic had no discernible effect on those aspects of somatotopic or laminar distribution that were analyzed in the present study. An additional limitation of the present study is that it did not compare the effects of different types of dural vascular stimuli, but rather relied on a single, relatively nonphysiological mechanical stimulus, stroking of the outer surface of the dural venous sinuses. This stimulus has some advantages for the purposes of the present study compared with more physiologically relevant stimuli such as intravascular distention or injection of algesic or inflammatory chemicals: (1) it involves minimal surgical intervention, head stabilization, or tissue damage, which could increase the background labeling and complicate the interpretation of the results; and (2) it is well localized and so can be restricted to a specified dural location without risk of stimulus spread to nondural tissues.
The results of the present study show that localized dural stimulation produces a distinctive pattern of fos-LI labeling in 
Distance from Interpolaris (mm) the dorsal horn that differs in some respects from that produced by noxious facial stimulation. The dependence of the duralinduced labeling on the dural stimulation itself, rather than on nonspecific effects associated with the experimental paradigm, is supported by several observations: (1) the labeling produced by dural stimulation was significantly greater than that found in control animals, in both the dorsal horn and the Vi/Vc region; (2) the amount of labeling was dependant on the stimulus location, in that the labeling produced by transverse sinus stimulation was greater on the side ipsilateral to the stimulus, and was also greater than that produced by sagittal sinus stimulation. The greater effectiveness of the transverse sinus stimulation may be an indication of a greater innervation density in that portion of the supratentorial dura, which lies more proximally along the course of the tentorial nerve. The finding of a dense distribution of fos-L&labeled cells in the ViNc region is of particular interest in view of previous observations of fos-LI labeling specifically distributed in this Figure   6 . Approximate extent of the facial region whose brainstem representation overlaps that of the dura, as determined by comparing the transverse and rostrocaudal distributions of fos-LI labeling in the dorsal horn produced by dural stimulation with that produced by stimulation of various facial sites ( Fig. 5 ; see also region following cornea1 stimulation and urethane anesthesia (Lu et al., 1993; . These findings raise the possibility that this restricted region of the trigeminal complex may have a distinctive role in visceral and facial nociceptive function.
Previous studies have shown that urethane anesthesia can induce fos-LI in two medullary autonomic centers, the nucleus of the solitary tract and the intermediate reticular formation (which includes the ventrolateral medulla) (Krukoff et al., 1992; ; the fos induction in these regions may be related to the autonomic perturbations that can accompany urethane anesthesia. The present results showed that Brevital-anesthetized animals also exhibit fos-LI labeling in these two regions, as well as in one additional medullary region, the inferior olive, which does not show labeling with urethane anesthesia. As was found previously with facial stimulation, ;dural stimulation produced a moderate increase in the number of fos-LI labeled cells in the intermediate reticular formation, and no significant increase in the nucleus of the solitary tract. The failure of either dural or facial stimulation to produce a significant increase in the nucleus of the solitary tract in these studies is inconclusive, because of the relatively high background labeling present in the control animals. If noxious stimuli did in fact induce fos expression in this region, but in the same population of cells that is labeled by anesthesia, then no further increase in the number of labeled cells would be expected with stimulation. This possibility represents a major limitation in the interpretation of fos labeling for any region that shows substantial background labeling.
Comparison with facial stimulation The present study found that the distribution of fos-LI labeling in the dorsal horn induced by localized dural stimulation differed from that induced by localized facial stimulation in two ways.
(1) Dural stimulation produced a more diffuse distribution of fos-LI than facial stimulation along the somatotopic (rostrocaudal and ventrolateral-to-dorsomedial) axes of the dorsal horn. Facial stimulation produces a dense, localized zone of fos-LI labeling in the dorsal horn whose position varies predictably with the rostrocaudal and dorsoventral position of the stimulation site . In contrast, dural stimulation produced fos-LI labeling in the dorsal horn that is fairly evenly distributed across a widespread area that extends from the midlevel of caudalis to C2/C3, and also extends across a large portion of the ventrolateral-to-dorsomedial axis of the dorsal horn. This distribution corresponds approximately to the representation of most of the dorsal half of the head and face, which is roughly comparable to the region of pain referral produced by stimulation of the supratentorial dura in humans (Ray and Wolff, 1940) .
(2) Dural stimulation produced a more restricted laminar distribution of fos-LI labeling than facial stimulation, in that the dural-induced labeling in the superficial dorsal horn was primarily restricted to lamina I, while facial stimulation typically induced labeling in both lamina I and the outer part of lamina II.
Both of these features of the dural-induced fos-LI distribution-a widespread distribution and a relative absence of labeling in lamina II-are characteristic of visceral afferent pathways in the spinal cord. The central projections of visceral nerves typically have a widespread rostrocaudal and mediolateral distribution in the spinal dorsal horn. For example, the afferent projections of the renal nerve in the cat are distributed rostrocaudally over nine spinal segments, and extend across virtually the entire mediolateral extent ofthe superficial dorsal horn (Kuo et al., 1983) . Within the superficial dorsal horn, the primary afferent fibers of most visceral organs terminate primarily in Asterisks indicate significant differences compared to the dural stimulation group: **, p < 0.0 1 (log-odds transformation; ANOVA, Duncan's post hoc comparisons). Mean + SD. The proportion of labeling in lamina I produced by dural stimulation was significantly greater than that produced by all of the cutaneous stimuli except 10°C.
lamina I, with almost no projection to lamina II; this restricted laminar distribution has been found for the renal, hypogastric, pelvic, splanchnic, lumbocolonic, and inferior cardiac nerves (Morgan et al., 198 1, 1986a,b; Ciriello and Calaresu, 1983; Kuo et al., 1983 Kuo et al., , 1984 Nadelhaft et al., 1983; Cervero and Connell, 1984a,b; Nadelhaft and Booth, 1984; Kuo and De Groat, 1985) . Similar results have also been found with intracellular labeling of single visceral afferent fibers (Sugiura et al., 1989 Mizumura et al., 1993) . A similar paucity of afferent projections to lamina II has also been found for the afferent innervation of other deep tissues, including muscle (Nyberg and Blomqvist, 1984; Mense and Craig, 1988; Shigenaga et al., 1988) and joint . This projection pattern of deep and visceral afferents contrasts with that of cutaneous afferents, which terminate heavily in both laminae I and II (e.g., Jacquin et al., 1983; Shigenaga et al., 1986; Woolf and Fitzgerald, 1986; LaMotte et al., 1991; Sugiura et al., 1993) . This differential distribution of visceral and cutaneous afferents appears to be reflected in the response properties of neurons in lamina I and II of the spinal dorsal horn. Although it can be difficult to distinguish between lamina I and II with extracellular microelectrode localization techniques such as electrolytic lesions or micrometer readings, Cervero has used the more precise method of dye ejection to provide evidence that visceral-responsive neurons are located in lamina I but not in II (Cervero, 1983a,b; Cervero and Tattersall, 1985) . Similar results have been obtained in a number of c-fos mapping studies of visceral pathways, which found increased labeling in lamina I, with little or no increase in lamina II, following intraperitoneal injection of acetic acid (Menetrey et al., 1989) or vaginocervical mechanostimulation (Chinapen et al., 1992) . However, other forms of visceral stimulation have been found to produce substantial fos-LI labeling in both lamina I and II, including colorectal distention (Traub et al., 1992) and urinary tract irritation (Birder and de Groat, 1992) . It is possible that the lamina II labeling found in these latter studies may result from the catheterization procedure, rather than from the visceral stimulus itelf; alternately, it may reflect a fundamental difference in the spinal organization of these visceral afferent pathways.
In the present study, the use of a chronic exposure was critical for minimizing the labeling in control animals and thus allowing a more accurate determination of the laminar distribution of the stimulus-induced labeling. The distribution of labeling primarily in lamina I and V suggests that the dural afferent input to the upper cervical and medullary dorsal horn may exhibit a similar laminar distribution to that of visceral afferent inputs to the spinal dorsal horn. However, evidence from other techniques to corroborate this point is lacking. Attempts to determine directly the central distribution of dural primary afferent terminations have not yet been successful, due to the difficulty of obtaining transganglionic transport in this afferent pathway. Unit recording studies of dural-responsive neurons in the dorsal horn have provided only limited information on the distribution of these neurons. Such neurons have been found almost entirely in the deep part of the dorsal horn (laminae III-V) (Davis and Dostrovsky, 1988) but this is almost certainly a reflection of the greater difficulty of obtaining recordings from neurons in the superficial laminae. A relative scarcity of neurons sampled from the superficial laminae is also apparent in other unit recording studies ofbrainstem trigeminal neurons with convergent inputs from deep tissues Sessle et al., 1986; Broton et al., 1988) . The ability ofthe fos-LI mapping technique to overcome the sampling limitations of microelectrode studies has thus provided information on the distribution of convergent neurons in the superficial medullary dorsal horn that could not be readily obtained with other techniques.
Fos-LI labeling has been used previously to investigate central pathways responsive to intracranial meningeal stimulation (Nozaki et al., 1992a,b; Moskowitz et al., 1993) . In these studies, fos-LI labeling was induced in the medullary and upper cervical dorsal horn by injection of blood or carrageenan into the intracranial subarachnoid space (Nozaki et al., 1992a,b) , or by induction of spreading depression in the cerebral cortex (Moskowitz et al., 1993) . In contrast to the present results with dural stimulation, these more diffuse forms ofintracranial stimulation induced substantial labeling in lamina II that was at least as great as if not greater than that in lamina I. As with the visceralinduced fos-LI labeling results cited above (Birder and deGroat, 1992; Traub et al., 1992) , it is possible that the substantial lamina II labeling may be partly attributable to the surgical procedures required to deliver these stimuli, rather than the intracranial stimulus itelf; alternately, it may reflect a difference in the central organization of the afferent pathways originating from dural and subarachnoid tissues.
The relative absence of an input to lamina II exhibited by the afferent pathways from the dura and other deep and visceral tissues may represent a fundamental difference from cutaneous pathways in the central processing of sensory information. The restricted laminar distribution of dural and visceral-responsive neurons in the dorsal horn indicates a difference from cutaneous pathways not only in the distribution of primary afferent terminations but also in the intrinsic circuitry of the dorsal horn. In cutaneous pathways, primary afferent inputs to lamina I (A6 nociceptors, Light and Perl, 1979) can activate lamina II neurons Price et al., 1979; Bennett et al., 1980; Woolf and Fitzgerald, 1983; Light and Kavookjian, 1988) , presumably through interneuronal connections or dendritic extensions into lamina I. In contrast, the laminar specificity exhibited in the termination pattern of visceral primary afferents appears to be preserved in the intrinsic circuitry of the dorsal horn.
The differential input to lamina II from cutaneous and deep tissues could be of importance for the control of sensory transmission because lamina II consists almost entirely of interneurons (Szentagothai, 1964) many of which contain GABA (Hunt et al., 198 1; Carlton and Hayes, 1990; Todd and Sullivan, 1990) and are thought to be inhibitory. The relative lack of an afferent input to lamina II could result in a reduced ability to engage the inhibitory mechanisms that typically accompany cutaneous afferent input. Such a reduction of inhibition might contribute to the more diffuse distribution of neuronal activation in the dorsal horn evoked by inputs from deep tissues. Both a reduced level of lamina II-mediated inhibition and the more diffuse spatial pattern of neuronal activation might be related to some of the distinctive features that characterize both dural and visceral pain, such as the diffuse, radiating quality.
Note added in proof A recent report has described similar results with electrical stimulation of the superior sagittal sinus in the cat (Kaub et al., Brain Research 629:95-102, 1993) .
